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2 (57) Abstract: A fuel cell system (10) that includes a control system (30) for regulating the power produced by the fuel cell system 
(10). The fuel cell system (10) includes a fuel cell stack (14) adapted to produce electrical power from a feed (102). In some 

Q embodiments, the fuel cell system (10) includes a fuel processing assembly (16) adapted to produce the feed for the fuel cell stack 
(14) from one or more feedstocks. The control system (30) regulates the power produced by the fuel cell system (10) to prevent 

^ damage to, and/or failure of, the system ( 10). 
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FUEL CELL SYSTEM CONTROLLER 

Field of the Invention 
The invention relates generally to fuel cell systems, and more 
particularly to a controller for fuel cell systems and fuel cell systems 
5 incorporating the same. 

Summary of the Invention 
A fuel cell is a device that converts hydrogen gas into electrical 
power through an electro-chemical reaction. A fuel cell stack is several fuel 
cells coupled together into one unit. When one of the cells in a fuel cell stack 
10 is damaged, it affects the performance of the entire stack, typically by causing 
the entire stack to fail. 

A fuel cell or fuel cell stack may be incorporated into a fuel cell 
system, which also includes a fuel processor, such as a steam reformer. The 
system may also include a battery bank, which stores produced electrical 
15 power, and an air source, which delivers oxygen to the fuel cell. In such a 
system, there is a need to control the delivery of power from the fuel cell to 
prevent damage thereto. There is also a need for a control system to regulate 
the operation of the system to prevent damage thereto and to optimize the 
operation thereof responsive to applied loads. 
20 The present invention provides such a control system, which may 

be used to meet both of these needs, either together or separately. 

Many features of the present invention will become manifest to 
those versed in the art upon making reference to the detailed description which 
follows and the accompanying sheets of drawings in which preferred 
25 embodiments incorporating the principles of this invention are disclosed as 
illustrative examples only. 

Brief Description of the Drawings 
Fig. 1 is a schematic diagram of a fuel cell system including a 
control system according to the present invention. 
30 Fig. 2 is a graphical polarization curve for a fuel cell showing cell 

voltage plotted as a function of current density. 
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Fig. 3 is a schematic diagram of another embodiment of the fuel 
cell system of Fig. 1. 

Fig. 4 is a schematic diagram of another embodiment of the fuel 
cell system of Fig. 3. 

5 Fig. 5 is a schematic diagram of another embodiment of the fuel 

cell system of Fig. 3. 

Fig. 6 is a schematic diagram of another embodiment of the fuel 
cell system of Fig. 3. 

Fig. 7 is a schematic diagram of another embodiment of the fuel 

10 cell system of Fig. 3. 

Fig. 8 is a schematic diagram of a fuel processing assembly. 
Detailed Description and Best Mode of the Invention 
A fuel cell system is shown in Fig. 1 and generally indicated at 
10. System 10 includes a fuel cell stack 14 and a fuel processing assembly 16. 

15 Fuel cell stack 14 is adapted to produce electrical power from a feed, and fuel 
processing assembly 16 is adapted to produce a corresponding feed stream 18 
for the fuel cell stack from one or more feedstocks. A suitable feed stream is a 
stream containing, or at least substantially formed from, hydrogen gas, 
although others may be used as well, depending for example upon the 

20 configuration and structure of fuel cell stack 14. As used herein the fuel 
processing assembly and fuel cell stack are collectively referred to as a fuel 
processing system and are generally indicated at 1 1 in Fig. 1 . System 1 1 
further includes associated pumps, fluid transport lines, feed storage and/or 
delivery equipment and related devices. 

25 Fuel cell stack 14 includes one or more fuel cells 15, typically in 

the form of a fuel cell stack 14 that includes a plurality of fuel cells operatively 
coupled together. Although referred to herein as a fuel cell stack, it is within 
the scope of the present invention that fuel cell stack 14 may include only a 
single fuel cell, a plurality of separately operational fuel cells, or a plurality of 

30 separately operational or interconnected fuel cell stacks. Examples of suitable 
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fuel cells include proton exchange membrane (PEM) fuel cells and alkaline 
fuel cells. 

System 10 includes a fuel processing assembly 16, which 
includes one or more fuel processors 17. An example of a suitable fuel 
5 processor is a steam reformer, which produces hydrogen gas through a thermo- 
chemical reaction, typically involving a feedstock comprising an alcohol or a 
hydrocarbon. Examples of suitable steam reformers are disclosed in U.S. 
Patent No. 5,861,137, and U.S. Patent Application Serial Nos. 08/951,091 and 
09/291,447, the disclosures of which are hereby incorporated by reference. A 

10 schematic diagram of a suitable fuel processing assembly 16 is shown in Fig. 8. 
As shown, fuel processing assembly 16 includes a feed assembly 100 that is 
adapted to deliver one or more feed streams 102 to a fuel processor 17. Fuel 
processor 17 receives the feed streams and produces product hydrogen stream 
18 therefrom. In addition to product hydrogen stream 18, fuel processor 17 

15 may also produce one or more byproduct streams 104. These byproduct 
streams may be utilized for fuel, heat exchange, or feed. Alternatively, these 
streams may be harvested for use in other applications. 

Fuel processor 17 includes a hydrogen producing region 106, in 
which a hydrogen-containing stream, or mixed gas stream, 108 is produced 

20 from the feed streams. The hydrogen-containing stream typically contains 
impurities, and therefore is delivered to a separation region, or purification 
region, 110, where the stream is purified. In the separation region 110, the 
hydrogen-containing stream is separated into product hydrogen stream 18 and a 
byproduct stream 104. Separation region 110 includes a membrane module 

25 112, which contains one or more hydrogen permeable metal membranes, such 
as membranes formed from palladium and palladium alloys. 

An example of a membrane module 1 12 formed from a plurality 
of hydrogen-selective metal membranes is disclosed in U.S. Patent Application 
Serial No. 09/291,447, which was filed on April 13, 1999, is entitled "fuel 

30 processing system," and the complete disclosure of which is hereby incorporated 
by reference. In that application, a plurality of generally planar membranes are 
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assembled together into a membrane module having flow channels through 
which an impure gas stream is delivered to the membranes, a purified gas 
stream is harvested from the membranes and a byproduct stream is removed 
from the membranes. 

5 It is within the scope of the present invention that fuel processing 

assembly 16 may include any suitable device or assembly of devices for 
producing a stream of hydrogen gas. Examples of other suitable mechanisms 
that may be used to produce hydrogen gas stream 18 are by autothermal 
reforming, by partial oxidation of a hydrocarbon or alcohol vapor, by a 

10 combination of partial oxidation and steam reforming a hydrocarbon or an 
alcohol vapor, by pyrolysis of a hydrocarbon or alcohol vapor, and by 
electrolysis of water. It should be understood that the feedstock for fuel 
processor 12 will vary depending upon the particular form of fuel processor 
being used. For example, when fuel processor 76 produces hydrogen through 

15 steam reforming, the feedstock will typically include water and an alcohol or 
hydrocarbon. Autothermal reforming will also include a water component or 
stream as a part of the feedstock, however, pyrolysis and partial oxidation will 
not. 

In Fig. 1, system 10 is shown including an air source 19, such as 
20 a blower or compressor, to supply air to the fuel processing assembly and the 
fuel cell stack. Air source 19 may be one or more separate units, or it may be 
incorporated into the fuel cell stack and/or the fuel processing assembly. It 
should be understood that some embodiments of the invented fuel cell system 
may not include an air source 19. For example, fuel processing assembly 16 
25 may not have an air stream delivered to it. Similarly, fuel cell stack 14 may 
have an oxygen gas stream, as opposed to an air stream, delivered to it. 

Hydrogen gas produced by fuel processing assembly 16 and 
oxygen from air source 19 are delivered to fuel cell stack 14, which produces 
electrical power and water therefrom. The electrical power produced by fuel 
30 cell stack 14 is either used to meet electrical loads or stored in battery bank 20. 
Examples of devices that may draw power from the fuel cell stack include the 
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subsequently described facilities 22, as well as the fuel cell system itself, which 
draws power for its own electrically powered components. As used herein, a 
device drawing power from the fuel cell system may also be referred to as the 
device applying a load to the system. 

5 System 10 further includes a battery bank 20, which stores 

electrical power produced by fuel cell stack 14. Bank 20 includes one or more 
batteries or other suitable devices adapted to store electrical power. Battery 
bank 20 may be used to augment the power provided by cell stack 14, or 
alternatively, may be used to meet power demands when fuel processing 

10 assembly 16 and fuel cell stack 14 are not being used to produce electrical 
power. Battery bank 20 has a maximum charge, or maximum amount of stored 
power, and at any particular time has a current level of charge ranging between 
no stored power and the maximum amount of stored power. 

Typically, fuel cell stack 14 and battery bank 20 communicate 

15 with and thereby meet the electrical load of one or more power-consuming 
facilities 22, such as residential, commercial or industrial structures and 
devices. Examples of such facilities include houses and other dwellings, 
commercial and small industrial buildings, automobiles, buses, recreational and 
commercial vehicles, boats, microwave towers, electrical signs and signaling 

20 devices, relay stations for communications, such as mobile phones, and any 
other device which could be powered by a generator or any other source of 
electrical energy. 

Under normal operating conditions, system 10 will meet the 
power requirements of facility 22. However, problems may arise when the 

25 system is unable to meet the load demanded by the facility alone or in 
combination with other power-consuming devices, such as the balance of plant 
components described herein. The problems occur because the maximum 
amount of electrical power available from a fuel cell stack per unit time is 
finite, but the applied electrical load may exceed the capacity of the system. 

30 When this occurs, there are two typical outcomes. The first is that the fuel 
processing assembly and/or air source cannot meet the fuel cell stack's 
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demands for hydrogen and oxygen needed to meet the applied electrical load 
(produce the demanded power). This situation results in the fuel cell stack 
essentially being starved for reactants, which results in the electrical power 
produced by the fuel cell stack decreasing to zero. 
5 The other outcome occurs when the fuel processing assembly and 

air source are able to supply sufficient hydrogen and oxygen to the fuel cell 
stack for the fuel cell stack to exceed its rated output of electrical power 
. responsive to the applied load. The result of this second outcome can perhaps 
be explained in more detail by referring to the polarization curve shown in 

10 Fig. 2, in which cell voltage is plotted as a function of current density. Since 
fuel cell stack 14 is composed of several like cells, the curve is representative 
of all cells' performance. 

As the demand for electrical power increases, the current 
increases and the individual fuel cell voltage decreases. For example, a 

15 representative operating condition is shown at 24, which is within the rated 
operational range of the individual fuel cell. As the current continues to 
increase, the cell potential can even become negative, such as indicated at 26. 
When this occurs, the cell is consuming power and irreparable damage to the 
individual fuel cell will occur in a matter of seconds. As stated before, damage 

20 to just one individual fuel cell may cause the entire fuel cell stack to fail. 

Neither of these outcomes is desirable. From the end user 
viewpoint, both of the above conditions are system failures simply because no 
power is being delivered. However, one can appreciate how much more 
expensive and destructive the second outcome is, compared to the first 

25 outcome. In the first outcome, the fuel cell stack turns off safely as it is starved 
for reactants. In the second outcome, the stack operates outside of the 
operating parameters for which it was designed. 

To prevent either of these outcomes from occurring, system 10 
further includes a control system 30, which protects fuel cell stack 14 from 

30 having greater than its rated power output drawn therefrom, while also 
regulating the production of hydrogen from fuel processing assembly 16 to 
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meet the hydrogen demands of the fuel cell stack. Therefore, the control 
system provides two-fold control of the fuel cell system. It is within the scope 
of the present invention, however, that each type of subsequently described 
controller may have separate utility and may be utilized independent of the 

5 other type of controller, even though the preferred embodiment of the invention 
incorporates both controllers into control system 30. 

Control system 30, which may also be referred to as a control 
circuit, controls the demand for electrical power in the form of electrical loads 
placed on the system without causing damage to fuel cell stack 14. It does this 

10 by actively controlling the amount of power drawn from the fuel cell stack by 
monitoring the voltage and current in the fuel cell stack. System 30 also 
ensures efficient generation of power by monitoring and controlling the 
production of the hydrogen in the fuel processor and the available supply of 
oxygen. 

15 As shown in Fig. 1, control system 30 includes a fuel processing 

system controller 32 and a charge controller 34. While controllers 32 and 34 
may be implemented as a unit or separately, they will be described separately 
herein for purposes of illustration. The controllers communicate with each 
other via linkage 35. Of course, when the controllers are implemented as a 

20 single unit, no such linkage is needed. It should be understood that control 
system 30 may include one or more analog or digital circuits or processors, and 
may include one or more discrete units in communication with each other. 
Control system 30 may also include or communicate with sensors, switches, 
and other electrical and/or mechanical circuits, sensors, feedback mechanisms, 

25 and the like. 

As shown in Fig. 1, fuel processing system controller 32 
communicates with fuel cell stack 14, fuel processing assembly 16, and air 
source 19 via linkages 36, 37 and 38, respectively. Linkages 36-38 preferably 
enable two-way communication with the controller, thereby enabling the 
30 controller to measure or monitor selected values, or selected variables, of units 
14-19, while also controlling the operation of these units, typically responsive 
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to the measured values. Examples of values that may be monitored for fuel 
processing assembly 16 are the mode of operation of the fuel processor or fuel 
processors 17 forming fuel processing assembly 16, the supply of feedstock, 
the rate at which hydrogen gas is being produced and the operating temperature 

5 of the fuel processors). Typical modes of operation for fuel processing 
assembly 16 are start-up, shutdown, idle, normal (active), and off. Monitored 
values for fuel cell stack 14 include the voltage and current within the stack 
and/or individual cells 15, as well as the applied load. An example of a 
monitored value for the air source is the rate at which air is being supplied to 

10 the fuel processing assembly and the fuel cell stack. When air source 19 is 
incorporated into either or both of the fuel processing assembly and/or fuel cell 
stack, its operation and measurement will typically be incorporated into the 
corresponding linkage for the unit into which it is incorporated. 

It should be understood that not all of these values are necessarily 

15 essential, and that other values may be measured as well, depending on the 
particular requirements and configuration of the fuel cell system, the 
complexity of the system and the desired level of control, and particular user 
preferences. It should be further understood that the linkages may include any 
suitable interface and/or sensor for effecting the desired monitoring and 

20 control. 

Charge controller 34 regulates the storage and output of electrical 
power produced by fuel cell stack 14. As shown in Fig. 1, charge controller 34 
is adapted to deliver the produced electrical power to battery bank 20 for 
storage, deliver the power for use by facility 22, and/or deliver the power to 

25 fuel processing system 1 1 . 

Charge controller 34 receives electrical power from fuel cell 
stack 14, and includes an output 39 through which electrical power is delivered 
to facility 22. The produced electrical power is often, but not necessarily, 
delivered to one or more dc to ac inverters 40 before being received by facility 

30 22 or delivered to fuel processing system 11 to run its balance of plant 
electronics. As used herein, balance of plant components refers generally to 
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the pumps, electrically powered sensors, and other electrical devices associated 
with fuel processing system 11. 

It is within the scope of the present invention that inverters 40 
may be omitted, such as when facility 22 is adapted to receive dc power. 

5 Examples of such a facility include battery chargers, recreational boats and 
microwave relay stations. Inverters 40 may also be included within charge 
controller 34 or facility 22. Two inverters are shown in Fig. 1, however as 
discussed above, system 10 may include as few as zero or one inverter, or may 
include multiple inverters, depending upon the requirements of the particular 

10 system and the facility or facilities to which it provides electrical power. 

In Fig. 1 , charge controller 34 is shown including a charging unit 
42, which may utilize a three-stage pulse-width-modulated method or any other 
suitable method for charging battery bank 20. Controller 34 also includes a 
processor 44 that communicates with fuel processor controller 32. Typically 

15 this communication includes receiving control signals therefrom and returning 
monitoring and feedback signals thereto. Charging unit 42 draws power from 
fuel cell stack 14 responsive to control signals from control system 30. 
Typically the control signals are sent by controller 32 responsive to the rate of 
production of hydrogen in fuel processing assembly 16. Therefore, the amount 

20 of power drawn by charging unit 42 is regulated, including being limited, 
responsive to the available supply of hydrogen for fuel cell stack 14. The 
amount of power drawn from fuel cell stack 14 is also regulated by charge 
controller 34, via charging unit 42, to ensure that the rated output of fuel cell 
stack 14 is not exceeded. 

25 Charge controller 34 also includes an electrical bus 46 

interconnecting charging unit 42, battery bank 20 and output 39. Battery bank 
20 should be configured to correspond to the voltage of the fuel cell stack 
output and the inverter input. Charge controller 34 may also include various 
circuit breakers or other switches, safety mechanisms, contactors, sensors and 

30 feedback loops in communication with processor 44. For example, as shown in 
Fig. 1, controller 34 includes an input breaker 50 that is preferably rated at a 
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determined amount greater than the maximum rated power output of fuel cell 
stack 14. Typically breaker 50 is rated at between approximately 105% and 
approximately 150% of the maximum rated output of fuel cell stack 14, with 
ranges between approximately 110% and approximately 135% being preferred 

5 and a value of 125% (per current National Electrical Code (NEC) regulations 
based on the power output of the fuel cell system) proving effective in 
experimental tests. Other ratings may be used, such as required by local, state 
or other codes and regulations. Breaker 50 may also include a contactor in 
communication with processor 44. 

10 Should a spike of electrical power be received from fuel cell 

stack 14 that exceeds this threshold above the stack's rated maximum output, 
breaker 50 will be actuated, thereby stopping the delivery of electrical power to 
charge controller 34. Preferably, breaker 50 communicates with fuel 
processing system controller 32 (either directly or through charge controller 34) 

15 to indicate when the breaker has been actuated. Upon receipt of such a signal, 
controller 32 can then adjust the operation of fuel cell stack 14 and/or fuel 
processing assembly 16 accordingly to prevent damage to the system. 

Also shown in Fig. 1 is a pair of output breakers 52 and 54. 
Output breakers 52 and 54 are preferably rated for the power capacity of 

20 inverters 40. Although plural output breakers are shown in Fig. 1, it is within 
the scope of the present invention that one or more such breakers may be used. 
For example, the number of breakers may correspond to the number of 
inverters being used. Output breakers 52 and 54 protect the inverters from 
receiving electrical power that exceeds the capacity of the inverters. Breakers 

25 52 and 54 may also include contactors. Alternatively, breakers 52 and 54 may 
instead be contactors. 

The elements of charge controller 34 are preferably in 
communication with processor 44, which in turn is in communication with 
controller 32. This enables the control system to monitor and direct the 

30 operation of the individual elements described herein. Direct communication 
with controller 32 is also within the scope of the invention. It should be 

10 
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understood that two-way communication is not required for all elements, and 
that some elements may only have one-way (either monitoring or control) 
communication, or no communication at all. For example, the breakers will 
typically have no direct communication with control system 30. However, it is 
5 within the scope of the invention that any or all of the breakers may be 
associated with a contactor. The contactors may have only monitoring 
communication so that the control system can detect when any of the breakers 
are actuated and direct the operation of the fuel cell system accordingly. 
However, two-way communication may be preferred to allow increased control 

10 of the fuel cell system. For example, two-way communication with the 
contactors would allow the control system to cause the actuation of the 
breakers, which may be necessary in emergency situations or when an element 
of the system is malfunctioning or not communicating with the control system. 

The operation of fuel cell system 10 will now be described in 

15 more detail, starting from a position in which battery bank 20 is uncharged and 
fuel processing assembly 16 is turned off. After fuel processing assembly 16 
completes its start-up mode and reaches a desired operating temperature, the 
fuel processing assembly begins producing hydrogen gas, which is delivered to 
fuel cell stack 14. Stack 14 receives the flow of hydrogen gas from fuel 

20 processing assembly 16 and a flow of oxygen (typically in the form of air) from 
air source 19, and produces electrical power therefrom. This power is 
delivered to charge controller 34. The power passes through input breaker 50 
to charging unit 42 and then to electrical bus 46. 

From bus 46, the power travels either to battery bank 20 or output 

25 39, as dictated by Ohm's and/or Kirchhoff s laws. Therefore, if there is an 
electrical load being applied to the system, such as from facility 22, the power 
produced will be outputted to meet the demand. If the power production 
exceeds the demand, or if there is no demand, the produced power is stored in 
battery bank 20. Once battery bank 20 is fully charged, a signal is sent to 

30 controller 32, which in turn directs fuel processing assembly 16 to shift to an 
idle, or reduced-output, mode of operation. In this mode of operation, the fuel 
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processor essentially maintains its operating temperature and other conditions 
while only producing minimal hydrogen. This nominal flow of hydrogen is 
converted to electrical power used to operate fuel cell system 10 and to 
maintain the battery bank at a full state of charge. Because its operating 

5 conditions are maintained, fuel processing assembly 16 can be quickly ramped 
up to its normal hydrogen-producing mode of operation without requiring the 
start-up time and procedure required if the fuel processor had been turned off. 
Therefore, the fuel processor can respond relatively quickly to changes in the 
hydrogen demands of the system. 

10 When battery bank 20 is fully charged and fuel processing 

assembly 16 is turned off or in an idle mode of operation, any electrical load 
applied to the system will be satisfied from battery bank 20. The status, or 
level or charge, of battery bank 20 is monitored by control system 30, either by 
charge controller 34 or fuel processing assembly controller 32. When the 

15 charge decreases to a selected minimum level, controller 32 directs fuel 
processing assembly 16 to resume its normal hydrogen-producing mode of 
operation. Typically, this entails either shifting from its idle mode to its normal 
mode, or from its off mode to its start-up and then normal modes of operation. 
If fuel processing assembly 16 is already in its normal mode of operation when 

20 this minimum level is reached, control system 30 limits the amount of power 
drawn on fuel cell stack 14 to prevent damage to the fuel cell stack, such as 
would occur if the applied load exceeds the system's capacity. For example, 
controller 32 may direct charge controller 34 to limit the rate at which the 
charging unit delivers power to bus 46. 

25 The minimum level of charge at which control system 30 directs 

fuel processing assembly 16 to be in its normal mode of operation should be 
selected as a function of such factors as the time required for the fuel processor 
to reach its normal mode of operation, the remaining charge of battery bank 20, 
the magnitude of the applied load, etc. Therefore, the minimum level of charge 

30 may vary depending upon the particular mode of operation of the fuel 
processor. Because the fuel processor will reach its normal mode of operation 

12 
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much quicker from its idle, warmed-up mode than when the fuel processor is 
turned off, it follows that a higher minimum level is required when the fuel 
processor is turned off. Basically, the minimum value should be selected to 
ensure that the fuel processor will reach its normal mode of operation before 
5 the charge of the battery bank is depleted (or reaches a selected base level of 
charge). 

Preferably, the minimum charge value includes a buffer to 
provide a safety margin in case of such factors as human or other errors, delays 
in the fuel processor reaching its normal operating mode, increases in the 

10 applied load, etc. The buffer may be a percentage of a theoretical minimum 
level of charge, such as in the range of approximately 10% and approximately 
100% of the theoretical minimum level, with values in the range of 
approximately 25% and approximately 75% being preferred and a value of 
approximately 50% of the theoretical minimum level of charge proving 

15 sufficient. For example, if a 20% level of charge is determined to be the 
theoretical minimum level of charge needed to provide power to meet an 
applied load until fuel cell stack 14 can produce additional power, a value of 
30% may be used by control system 30 to provide a safety buffer. 

System 30 may utilize a single minimum charge value selected to 

20 provide sufficient time for fuel processing assembly 16 to reach its normal 
operating mode regardless of its current state of operation. Such a value would 
be determined as the required level of charge of battery bank 20 to meet the 
maximum applied load for the time necessary for fuel processing assembly 16 
to reach its normal operating mode from a cold start. With a single minimum 

25 charge value selected to be sufficient for all operating conditions, it follows 
that, under most operating conditions the battery bank will have more than a 
sufficient safety margin from being depleted. System 30 may also utilize 
multiple and different minimum charge values that reflect the energy use 
patterns of facility 22, as discussed in more detail below. 

30 Once control system 30 directs fuel processing assembly 16 to 

shift to its normal operating mode and that operating mode is reached, fuel 

13 
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processing assembly 16 begins producing hydrogen, which enables fuel cell 
stack 14 to produce additional electrical power. The newly produced power 
travels via the previously described path to bus 46, where it may be used to 
meet the applied load, recharge battery bank 20, or both. Essentially, the 
5 power will follow the path of least resistance from bus 46, with between none 
and all of the power going to the battery bank and the output of the charge 
controller, depending on the current charge of the battery bank and applied 
load. 

An important feature of fuel processor controller 32 is that it 

10 prevents more than the maximum rated power from being produced by fuel cell 
stack 14, thereby preventing both of the previously described system failures. 
Therefore, when the applied load is greater than the maximum power 
production of fuel cell stack 14, the control system limits the production of 
electrical power to prevent the fuel cell stack from exceeding its rated 

15 maximum. It should be understood that the maximum production defined by 
fuel processor controller 32 may be some value other than the rated maximum 
production rate of fuel cell stack 14. For example, it may be desirable to limit 
production to a value less than the rated maximum, such as 95%, 90% or other 
values less than the maximum. 

20 Control system 30 also may limit the rate at which fuel cell stack 

14 produces electrical power responsive to the capability of fuel processing 
assembly 16 and air source 19 to provide the fuel cell stack with the required 
feeds of hydrogen and oxygen. Therefore, if only 75% of the feedstock 
required to meet the fuel cell stack's theoretical maximum output is available, 

25 then the fuel cell controller may limit the production of electrical power to the 
current production rate/availability of hydrogen and oxygen. 

As described above, control system 30 limits the production of 
electrical power to ensure that the fuel cell stack does not exceed its rated 
maximum output or the availability of hydrogen or oxygen feedstock, such as 

30 from fuel processing assembly 16, air source 19 or another suitable source. In 
order words, the control system limits the portion of the applied load that is 

14 
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applied to the fuel cell stack. However, this does not mean that fuel cell system 
10 cannot safely meet, at least temporarily, loads that exceed the maximum 
rated output of fuel cell stack 14. Because battery bank 20 stores electrical 
power, it essentially creates a power reserve that can be used in place of newly 
5 produced electrical power, as described above, or as a supplement to the 
produced electrical power. Therefore, if the applied load exceeds the capacity 
of fuel cell stack 14, the battery bank can also supply power to meet this load. 

The actual distribution of the load met by fuel cell stack 14 and 
battery bank 20 may vary, depending on such factors as the magnitude of the 

10 applied load, the remaining charge of the battery bank, the operating mode of 
the fuel processor, etc. Of course, it is possible for an applied load to exceed 
the combined total output of fuel cell stack 14 and battery bank 20. Should this 
occur, control system 30 will prevent too much power from being drawn from 
the fuel cell stack, thereby preventing damage to any component of the system. 

15 Another way to describe the relationship between control system 

30 with respect to the fuel processing assembly, fuel ceil stack and the facility 
or other electrical power consuming device is as follows: 

Fuel processing assembly 16 has a maximum production rate of 
stream 18, and a currently available production rate of stream 18. The 

20 maximum production rate of stream 18 is the maximum rate at which the fuel 
processing assembly can produce stream 18 within rated, or safe, operating 
conditions assuming an abundant supply of all necessary feedstock. The 
currently available production rate of stream 18 is the rate at which stream 18 
can be produced by the fuel processing assembly at the particular time in 

25 question. 

Fuel processing assemblies typically have an off or shutdown 
configuration, an on or operating configuration, and sometimes include an idle 
or standby configuration. In the off or shutdown configurations, the fuel 
processing is not consuming any feedstock, is not producing any output streams 
30 and is at an ambient temperature. In the on or operating configurations, the 
fuel processing assembly is consuming feedstock and producing output stream 

15 
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18 within its operating parameters (temperature, pressure, etc.) In the standby 
or idle configuration, the fuel processor is only consuming enough feedstock, 
and thereby producing a corresponding stream 18) to maintain the fuel 
processor at or near the operating parameters for its on or operating 

5 configurations. 

In the on configuration, the currently available production rate of 
stream 18 is that rate at which stream 18 is actually being produced, while in 
the off and idle configurations, the currently available production rate is zero 
and near zero, respectively. The currently available production rate of all three 

10 configurations theoretically can be increased up to the maximum production 
rate, however, the time required to reach this maximum or maximum available 
rate will differ between these configurations. In all three configurations, the 
maximum production rate of stream 18 is the same. 

The fuel cell stack has a maximum rated power output and a 

15 currently available power output. The maximum rated power output is the 
maximum power output of the stack at safe operating conditions and assuming 
an abundant feed, such as stream 18. The currently available power output is 
the power fuel cell stack 14 is capable of producing based upon its current feed, 
namely stream 18. Therefore, the currently available power output is 

20 dependent upon the rate at which stream 1 8 is supplied, and therefore may be 
controlled by varying the flow rate of stream 18. 

Finally, the fuel cell system also has a maximum rated system 
power output and a currently available system power output. The maximum 
rated system power output is the total of the maximum rated power output of 

25 the fuel cell stack(s) and the maximum charge (maximum stored power) or the 
battery bank. The currently available system power output is the combination 
of the currently available power output of the fuel cell stack(s) and the current 
level of charge (current stored power) of battery bank 20. 

If the production rate demanded by fuel cell stack 14 exceeds the 

30 maximum production rate of stream 18, the fuel processing assembly simply 
cannot provide the feed requirements of fuel cell system 14. On the other hand, 

16 
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if the production rate demanded by fuel cell stack exceeds the currently 
available production rate of stream 18, the fuel processing assembly cannot 
meet the feed requirements of the fuel cell system 14 unless and until the 
currently available production rate is increased or the feed requirements are 
5 decreased. 

Responsive to various stored and/or measured values, control 
system 30 regulates the power produced by fuel cell system 10 to failure of, or 
damage to, the system. This regulating may include limiting the amount of 
power produced. It may also include causing a component of the system to 

10 change its currently available rates. For example, control system 30 may direct 
fuel processing assembly 16 to produce more hydrogen gas, thereby increasing 
the currently available power output of fuel cell stack 14 and fuel cell system 
10. Control system 30 may also limit the rate at which stream 18 is produced 
to lower the currently available power output of the fuel cell stack, and thereby 

15 lower the currently available power output of the fuel cell system. Control 
system may also adjust the currently available power output of fuel cell stack 
14 to either increase the power drawn from battery bank 20 or to increase the 
current level of charge (stored power) in the battery bank. The interaction and 
operations of control system 30 are described in more detail herein. 

20 Another embodiment of control system 30 is shown in Fig. 3. As 

shown, charge controller 34 includes a step-up converter 43 in place of the 
charging unit 42 and dc bus 46 shown in Fig. 1. It should be understood that 
the embodiments of the fuel cell system shown in the subsequently discussed 
Figs. 4-6 may include either the step-up converter of Fig. 3 or the charging unit 

25 and dc bus of Fig. 1. 

Fuel cell system 10 also provides thermal energy, namely from 
fuel processing assembly 16, which may be harvested to meet the thermal 
energy requirements of facility 22. Because fuel processing assembly 16 
normally operates at an elevated temperature of at least 200°C, and generally 

30 operates in a range of between approximately 200°C and approximately 700°C, 
one can appreciate that this thermal energy may be used to meet the thermal 

17 



WO 01/08247 



PCTAJS00/20341 



load of facility 22. For example, the thermal energy may be used to heat water 
or another fluid, such as oil or air, which can then be used for heating facility 
22, or other attached or adjacent facilities. 

Another way to meet thermal loads is to produce electrical power 
5 and then deliver the power to a resistor assembly 63 to obtain heat. Assembly 
63 typically will include one or more resistors. Yet another way is to burn the 
produced hydrogen to produce heat, which can be harvested directly or through 
heat exchange to satisfy the thermal demands being placed on system 10. For 
example, in Fig. 4 system 10 is shown including a bypass 60 through which 

10 hydrogen gas produced by fuel processing assembly 16 is delivered to a 
combustion chamber 62 instead of being delivered to fuel cell stack 14. 
Combustion chamber 62 may include a combustion catalyst, burner, igniter, or 
any other suitable mechanism for combusting the hydrogen gas delivered 
thereto. Combustion chamber 62 may include an air source. When an air 

15 source is desirable, air source 19 may also be used to provide a flow of air to 
the combustion chamber. Yet another way to meet thermal loads is to simply 
increase the supply rate of fuel to be consumed in fuel processing assembly 16, 
which will increase the operating temperature of the fuel processor. 

Bypass 60 enables hydrogen gas to be harvested from the fuel 

20 processor without producing electrical power therefrom. This is particularly 
useful when the produced electrical power would otherwise overcharge battery 
bank 20 because- the produced power exceeds the load applied by facility 22 
and the power necessary to charge battery bank 22. Bypass 60 may accept 
none, all, or any portion there between of the hydrogen produced by fuel 

25 processing assembly 16. For example, in Fig. 4, bypass 60 is shown 
communicating via linkage 65 with fuel processing system controller 32, which 
may monitor and control the portion of the produced hydrogen that is sent to 
combustion chamber 62. By controlling the amount of hydrogen being 
delivered to fuel cell stack 14, it is possible for fuel processing assembly 16 to 

30 operate at its normal full rate of hydrogen production, even though battery bank 
20 and facility 22 do not require the amount of power that would otherwise be 
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produced by the produced hydrogen. Instead, the excess hydrogen may be 
harvested for other applications. This may also include storing the produced 
hydrogen for later use or for transportation to other systems or hydrogen- 
consuming applications. 
5 System 10 may be optimized responsive to the average demands 

of facility 22 over time. With this knowledge, the system can automatically 
ramp up or down to efficiently meet the demands of the facility. For example, 
control system 30 may be programmed with the electrical and/or thermal 
demands of facility 22 as a function of time. These demands may be 

10 preprogrammed based on past performance, experimental or theoretical 
measurements, average demands for similar facilities, etc. 

For example, if facility 22 has high energy demands (electrical 
and/or thermal) for a three-hour time period each day, control system 30, and 
typically fuel processor controller 32, may be programmed to ramp up fuel 

15 processing assembly 16 in sufficient time for system 10 to supply this demand. 
Preferably, this advance planning for regular demands can enable the fuel cell 
system to efficiently meet these demands without having to limit the 
production of power because of a problem that could have been overcome with 
advance planning. For example, fuel processing assembly 16 should be 

20 ramped up to its normal mode of operation in sufficient time to ensure that 
battery bank 20 is fully charged prior to the high-demand period and that fuel 
processing assembly 16 is ready to meet the hydrogen demands of fuel cell 
stack 14. 

As another example, facility 22 may have recurring high thermal 
25 energy demands during another time period. To anticipate these demands, 
controller 32 may cause fuel processing assembly 16 to ramp up (i.e., increase 
the supply rate of fuel and feedstock) prior to this time period to produce heat, 
which may be harvested through heat exchange with fuel processing assembly 
16, to produce additional hydrogen, which may be combusted to produce 
30 additional heat, and/or to produce additional electrical power, which may be 
passed to a resistor to produce heat. By anticipating the recurring electrical and 
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thermal demands of facility 22, control system 30 enables the fuel cell system 
to efficiently meet these demands. Furthermore this anticipation may even 
enable system 10 to meet demands that otherwise would exceed the capacity of 
the system. For example, if facility 22 has a period of recurring thermal and 
5 electrical demands, the thermal demands can be lessened or met through heat 
exchange or heat production other than from power delivered to facility 22. By 
replacing some or all of the thermal demands with heat generated by fuel 
processing assembly 16, the system can use its full electrical capacity to meet 
the applied electrical load, something that otherwise may not have been 

10 possible if some of this power was used to satisfy the facility's thermal load. 

As discussed, the fuel cell system may include more than one fuel 
processor. An example of such a system is shown in Fig. 5 and indicated 
generally at 70. Unless otherwise specified, system 70 includes the same 
elements, subelements and possible variations as the previously described fuel 

15 cell system 10. System 70 differs from system 10 in that plural fuel processors 
17 and 17' are coupled to a single fuel cell stack 14. It should be understood 
that system 70 may include more than two fuel processors. For example, it 
may be desirable to have at least one more fuel processor than necessary to 
meet any hydrogen demands of fuel cell stack 14. This enables the system to 

20 continue operating at up to its maximum rated capacity even if one of the fuel 
processors is not functioning correctly or is turned off for maintenance or 
repairs. 

Of course, having plural fuel processors in normal operating 
mode will increase the capability of the system to produce hydrogen, which 

25 also enables plural fuel cell stacks to be used to convert this hydrogen to 
electrical power. When the capacity to produce hydrogen exceeds the 
hydrogen requirements of the fuel cell stack or stacks, the remaining hydrogen 
may be stored, such as in a hydride bed or storage vessel/tank, burned for fuel, 
or transported to another hydrogen-consuming device. 

30 As discussed above, the fuel cell system may include a plurality 

of fuel cell stacks 14. For example, in Fig. 6 two fuel cell stacks 14 and 14' are 
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shown, each of which may include one or more fuel cells 15, and typically 
include a plurality of fuel cells. When multiple fuel cell stacks are used, they 
may be connected in series, parallel, or combinations of both to provide a 
manageable level of current. When more than one fuel cell stack is utilized, 
5 such as shown for example in Fig. 6, the system (generally indicated at 80) may 
include a distribution manifold 82, which regulates the flow of hydrogen from 
the one or more fuel processors to the one or more fuel cell stacks. As shown 
in Fig. 6, manifold 82 communicates with controller 32 via linkage 81, which 
enables the controller to monitor and direct the distribution of hydrogen from 

10 the fuel processors. Manifold 82 may also selectively deliver hydrogen to 
combustion chamber 62, if the particular embodiment of the fuel cell system 
includes or is in communication with a combustion chamber. Although two 
fuel processors and fuel cell stacks are shown in Fig. 6, it should be understood 
that the system may include more than two of each unit as well, and that it may 

15 include differing numbers of each type of unit. 

In Fig. 7, a further embodiment of a fuel cell system and 
controller according to the present invention is shown and generally indicated 
at 90. As shown, fuel cell system 90 includes a fuel processing system 11, 
which may include any of the embodiments and variations shown and 

20 discussed previously. In Fig. 7, fuel processing system controller 32 is shown 
incorporated into system 11. Similar to the previously discussed embodiments, 
controller 32 communicates with processor 44 of charge controller 34 via 
communication line 35. 

Also shown in Fig. 7 are the previously discussed step-up 

25 converter 43, inverter 40, battery bank 20 and contactors 52 and 54. Controller 
32 adjusts the output of step-up converter 43 to prevent the current drawn from 
the fuel cell stack from exceeding a selected threshold value. Controller 32 
also regulates the flow of hydrogen gas in stream 18 proportional to the current 
from stack 14 (or another suitable measure of the hydrogen gas consumed in 

30 stack 14). Contactors 52 and 54 are adapted to selectively disconnect the ac 
load to fuel cell stack 14, such as responsive to signals from control system 30. 
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As discussed, control system 30 may include various sensors. 
Illustrative examples of suitable sensors are shown in Fig. 7. For example, a 
sensor 83 is shown measuring electrical power stream 84 produced by system 
1 1, and sensor 83 communicates with processor 44. Similarly, another sensor 
5 87 is shown measuring the electrical power stream 88 from battery bank 20 and 
communicating with controller 32. 

A suitable inverter 40 is rated at 5.5 kW and produces an output 
voltage of 110V AC. It should be understood that inverters with other power 
ratings and output voltages may be used as well, depending for example on the 
10 configuration of the devices powered by electrical power from fuel cell stack 
14. For example, a second inverter may be used to provide 1 10/220V AC. In 
an exemplary system 90, the balance of plant components draw approximately 
0.8 kW, thereby leaving at least 4.7 kW to be delivered to facility 22. 

A suitable step-up converter 43 delivers up to 3.8 kW of nominal 
15 24-volt dc power from fuel cell stack(s) 14 to battery bank 20. Bank 20 should 
have a capacity to provide start-up power for system 11 and to provide the 
necessary additional power during peak outputs. As an example, four 12-volt 
batteries capable of providing 5 kW for at least an hour have proven effective. 

Industrial Applicability 
20 The fuel cell systems and control systems described herein are 

applicable in any situation where power is to be produced by a fuel cell stack. 
It is particularly applicable when the fuel cell stack forms part of a fuel cell 
system that includes a fuel processing assembly that provides a feed for the fuel 
cell stack. 

25 It is believed that the disclosure set forth above encompasses 

multiple distinct inventions with independent utility. While each of these 
inventions has been disclosed in its preferred form, the specific embodiments 
thereof as disclosed and illustrated herein are not to be considered in a limiting 
sense as numerous variations are possible. The subject matter of the inventions 

30 includes all novel and non-obvious combinations and subcombinations of the 
various elements, features, functions and/or properties disclosed herein. Where 
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the claims recite "a" or "a first" element or the equivalent thereof, such, claims 
should be understood to include incorporation of one or more such elements, 
neither requiring nor excluding two or more such elements. 

The following claims recite certain combinations and 

5 subcombinations that are directed to one of the disclosed inventions and are 
believed to be novel and non-obvious. Inventions embodied in other 
combinations and subcombinations of features, functions, elements and/or 
properties may be claimed through amendment of the present claims or 
presentation of new claims in this or a related application. Such amended or 

10 new claims, whether they are directed to a different invention or directed to the 
same invention, whether different, broader, narrower or equal in scope to the 
original claims, are also regarded as included within the subject matter of the 
inventions of the present disclosure. 
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WE CLAIM: 

1 . A fuel cell system, comprising: 

a fuel processing assembly adapted to produce a feed stream from 
one or more feedstocks; 

a fuel cell stack including at least one fuel cell, wherein the fuel 
cell stack is adapted to receive the feed stream from the fuel processing 
assembly and to produce electrical power therefrom; 

a control system adapted to regulate the rate power is produced 
by the fuel cell stack responsive to at least one selected variable. 

2. The system of claim 1, wherein the fuel processing 
assembly has a maximum production rate of the feed stream, and further 
wherein the at least one selected variable includes the maximum production 
rate of the feed stream. 

3. The system of claim 1, wherein the fuel processing 
assembly has a currently available production rate of the feed stream, and 
further wherein the at least one selected variable includes the currently 
available production rate of the feed stream. 

4. The system of claim 1, wherein the fuel cell stack has a 
maximum rated power output, and further wherein the at least one selected 
variable includes the maximum rated power output of the fuel cell stack. 

5. The system of claim 1, wherein the fuel cell stack has a 
currently available power output, and further wherein the at least one selected 
variable includes the currently available power output of the fuel cell stack. 
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6. The system of claim 1, further including a battery bank 
adapted to store electrical power, wherein the battery bank has a maximum 
stored charge, and further wherein the at least one selected variable includes 
the maximum stored charge of the battery bank. 

7. The system of claim 1, further including a battery bank 
adapted to store electrical power, wherein the battery bank has a current level 
of stored power, and further wherein the at least one selected variable includes 
the current level of stored power of the battery bank. 

8. The system of claim 1, wherein the control system 
includes at least one threshold value for each of the at least one selected 
variables. 

9. The system of claim 8, wherein the control system is 
adapted to regulate the rate power is produced by the fuel cell system if one or 
more of the selected variables exceed the corresponding at least one threshold 
value. 

10. The system of claim 1, wherein the control system is 
adapted to regulate the rate of power production by the fuel cell system by 
limiting the currently available power output of the fuel cell stack. 

11. The system of claim 1, wherein the control system is 
adapted to regulate the rate of power production by the fuel cell system by 
adjusting the currently available production rate of the feed stream. 

12. The system of claim 1, wherein the system is in 
communication with one or more facilities adapted to load the system to draw 
power therefrom. 
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13. The system of claim 12, wherein the at least one selected 
variable includes the load on the system from the one or more facilities. 

14. The system of claim 12, wherein the load includes a 

thermal load. 

15. The system of claim 14, wherein the control system is 
adapted to regulate the fuel cell system to meet the thermal load. 

16. The system of claim 12, wherein responsive to the load 
from the one or more facilities, the fuel cell system provides power to the 
facility from the fuel cell stack, and further wherein the control system is 
adapted to limit the power provided by the fuel cell system to prevent the 
power provided from exceeding a maximum rated power output of the fuel cell 
stack or a currently available power output of the fuel cell stack. 

17. The system of claim 1, wherein the fuel cell system 
includes a battery bank adapted to store power produced from the fuel cell 
stack. 

18. The system of claim 17, wherein the battery bank includes 
a charge of stored power, and further wherein the control system is adapted to 
regulate the fuel cell system to produce power for increasing the charge of 
stored power when the charge of stored power falls below a selected threshold. 

19. The system of claim 1, wherein the feed stream includes 

hydrogen gas. 

20. The system of claim 19, wherein the fuel processing 
assembly includes at least one fuel processor adapted to produce the feed 
stream by electrolysis of water. 
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21. The system of claim 19, wherein the fuel processing 
assembly includes at least one fuel processor adapted to produce the feed 
stream by steam reforming at least one of a hydrocarbon and an alcohol. 

22. The system of claim 21, wherein the fuel processing 
assembly is adapted to produce a mixed gas stream from the one or more 
feedstocks, and further wherein the fuel processing assembly includes a 
purification region in which the mixed gas stream is separated into the feed 
stream and at least one byproduct stream. 

23. The system of claim 22, wherein the purification region 
includes a membrane module including at least one hydrogen selective 
membrane. 
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24. A fuel cell system, comprising: 

a fuel cell stack including at least one fuel cell adapted to produce 
electrical power from a feed, wherein the fuel cell stack has a maximum rated 
power output and a currently available power output; 

a control system adapted to regulate the power produced by the 
fuel cell stack to prevent the power output from exceeding a selected threshold. 

25. The system of claim 24, wherein the selected threshold is 
at least one of the maximum rated power output of the fuel cell stack or the 
currently available power output of the fuel cell stack. 

26. The system of claim 24, wherein the selected threshold is a 

selected percentage of at least one of the maximum rated power output of the 

fuel cell stack or the currently available power output of the fuel cell stack. 

» 

27. The system of claim 24, further including a battery bank 
having a currently available charge of stored power and a maximum charge of 
stored power. 

28. The system of claim 27, wherein the control system is 
adapted to regulate the fuel cell system responsive at least in part to the 
currently available charge of stored power of the battery bank. 

29. The system of claim 24, further including a fuel 
processing assembly adapted to produce the feed from at least one feedstock. 

30. The system of claim 29, wherein the fuel processing 
assembly includes a currently available rate of producing the feed and a 
maximum rate of producing the feed. 
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31. The system of claim 30, wherein the control system is 
adapted to regulate the fuel cell system responsive at least in part to the 
currently available rate of producing the feed. 

32. The system of claim 30, wherein the control system is 
adapted to regulate the fuel cell system responsive at least in part to the 
maximum rate of producing the feed. 

33. The system of claim 29, wherein the feed includes 

hydrogen gas. 

34. The system of claim 24, wherein the control system is 
adapted to regulate the fuel cell system responsive at least in part to a load 
applied to the fuel cell system. 

35. The system of claim 34, wherein the load includes a 
demand for electrical power. 

36. The system of claim 34, wherein the load includes a 
demand for heat. 
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37. A fuel cell system, comprising: 

means for producing electrical power from a feed; 

means for controlling the fuel cell system for preventing the 
electrical power produced by the system from exceeding either a maximum 
rated power output of the system or a currently available power output of the 
system. 

38. The system of claim 37, further including means for 
producing the feed. 

39. The system of claim 38, further including means for 
producing heat responsive to a demand for thermal energy. 

40. The system of claim 38, wherein the means for controlling 
include at least one controller adapted to measure at least one selected variable 
and to regulate the fuel cell system if the at least one selected variable exceeds 
one or more corresponding threshold values. 
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